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I. INTRODUCTION
T HERE are currently two popular switching architectures in microelectromechanical system (MEMS) optical switching: 1) two-dimensional (2-D) MEMS switches and 2) three-dimensional (3-D) MEMS switches. These two architectures are very different in their principle of optical switching, complexities in their mirror control, peripheral electronics, and tolerance requirements in their device fabrication [1] .
In the 2-D architecture, mirrors are arranged in a crossbar configuration to perform fully nonblocking switching as shown in Fig. 1 . The 2-D optical switches consist of input and output ports directed at array of mirrors. The mirrors have only two states. They can be in the "OFF" position to let light beams pass uninterrupted or in the "ON" position where mirrors move into defined places to reflect light beam in a predetermined direction. As illustrated in Fig. 1 , mirror moves into place to reflect light beam from the th input to the th output fibers. The digital nature of the mirrors greatly simplifies the control and actuating mechanisms. However, the inherent variations in free space path lengths among port-to-port switching causes variations in optical losses. In order to accommodate the relentless needs for higher portcounts, 3-D MEMS switch designs have been proposed [2] . In this architecture, the mirrors can rotate to multiple discrete positions rather than the binary nature of a 2-D MEMS switch. Complicated close-loop servo system with feedback must be implemented for each mirror to move and maintain mirror at desired positions. Therefore, when compared to the 2-D MEMS switches, 3-D MEMS designs are difficult to implement, service, maintain, calibrate, and the associated technical and economical costs are forbiddingly high. The goal of the authors is to address the path dependent optical loss in port-to-port switching of 2-D MEMS switches.
II. -SWITCHING MATRIX ARCHITECTURE
Like the name suggests, -switching matrix is shaped like the alphabet " ." The switch architecture is characterized into three quadrants. The most essential portion of the -switching matrix is the junction quadrant, which consists of double-sided mirrors. As shown in Fig. 2 , the junction quadrant is located at the intersection of quadrant I and II. Given input and output ports, -switching matrix utilizes double-sided mirrors in the junction quadrant, and mirrors in each of the other two quadrants for a total of mirrors. The input ports of the switch are located on the exposed perimeter of the junction quadrant. The mirrors in the junction quadrant direct the light beams into their respective destination quadrants (I or II). Mirrors in quadrant I and II, in turn, redirect the light beams into their respective destination ports. 
III. ARCHITECTURAL COMPARISONS
As reported in many papers on 2-D MEMS switches, performance issues related to the optimum size of mirrors, spacing between mirrors, loss due to angular mirror or collimator misalignment, optimum beam waist size have been systematically addressed [3] . However, one of the most important loss contributors, path length dependent loss, has not been addressed. All of the current 2-D MEMS switches are based on the conventional crossbar architecture as shown in Fig. 1 . The problems with the conventional crossbar architecture are twofold: 1) beam waist is selected where the insertion loss is the lowest for the most popular beam path length; therefore, high loss occurs over most and least distance paths and the loss increases as the number of ports increases; and 2) large nonuniform loss between the best and worst coupling paths because of huge differences in its path lengths.
The most and least distance paths of the conventional crossbar architecture are and 1 given as the number of input ports. On the other hand, the most and least distance path of the -switching matrix are and . The -switching matrix lowers the maximum free-space that light beams travel and hence lowers the loss due to Gaussian divergence. It is also interesting to note that the least distance path is not constant as in the case of the conventional crossbar matrix but is dependent on . Therefore, the -switching matrix also decreases the maximum difference in interport optical loss. The maximum path differences of the conventional crossbar and -switching matrix are and . Fig. 3 illustrates the path dependency in port-to-port switching of the conventional crossbar and -switching matrix. Fig. 5 illustrates the comparison of the maximum distance paths of the conventional crossbar and -switching matrix. -switching matrix demonstrates a reduction of the maximum free space propagation path of light by up to 25% over the conventional crossbar architecture. With optimized beam waist size selected such that the insertion loss of the average beam path length is the lowest means that the shorter most and longer least distance paths of the -switching matrix will minimize the highest loss experienced by the worst coupling path and also improve the loss uniformity experienced by the 2-D MEMS switches. Fig. 6 shows the comparison of maximum path differences of interport switching. Simulation shows that the -switching matrix has a superior optical performance over the conventional crossbar architecture. The maximum path difference is 50% that of the conventional architecture. Theoretically, twice the current maximum port size, 64 64, is possible with this novel architecture. Pitches shown in the figures are defined as the number of mirror pits a light beam encounters from the input to the output ports. The architecture of -switching matrix presents an inherent practical problem; the inner output ports of the switch are located in close proximity of each other and their collimators could physically interfere with one another. This problem has to be taken into account during the initial design of the switch. Bulk micromachined Si submount proposed in [13] with micropits and V-grooves could be used to contain micro ball lenses for coupling of light into the output optical fibers. In the 4 4 -switching matrix prototype, the distance of each pitch is 1500 m. By using microlenses with diameter of 300 m as shown in Fig. 4 , it should provide sufficient clearance to avoid physical interference between collimators. If larger lenses are used, then a clearance distance should be designed into the switch such that any physical interference is avoided. The clearance distance would be a constant added to every path lengths of all input ports, therefore, the effect of the added distance could be minimized if an optimum beam waist size is determined for each input ports. An alternative approach to increasing the port size of optical switches is to interconnect smaller 2-D MEMS switches to form multistage interconnect network such as a Clos network. Simulations have shown that Clos network using the -switching matrix as submodules have better optical performance over the conventional crossbar switches [4] .
Besides the most and least distance paths experienced in port-to-port switching, the frequency with which a certain length of path is taken is also of interest. It will be beneficial to the overall optical systems performance if this information is to be taken into account when formulating a solution to compensate for the loss due to Gaussian divergence. Figs. 7 and 8 show the histograms of number of pitches traveled by all 256 paths of a 16 16 conventional crossbar switch and -switching matrix. The most popular length of light paths is 17 pitches, which occurs 16 times. The least traveled paths are 1 and 31 pitches, both have a frequency of 1. The spread of the path spectrum is wide without one path being dominant.
-switching matrix, on the other hand, has a most popular path length of 16 pitches with 32 occurrences; a minimum path length of nine pitches with four occurrences; and a maximum path length of 23 pitches with four occurrences. The histogram plot of path length frequency of -switching matrix shows a dominant peak with a narrow spread. In fact, the spread is half that of the conventional crossbar switch. This result is expected given that -switching matrix is symmetrical diagonally. By designing the minimum beam waist to be located at half the number of most popular pitches, eight in this case, -switching matrix is expected to have a superior optical performance over conventional crossbar matrix because the variation of the number of pitches within the 256 possible paths is less. Further improvement of the switch can be achieved by analyzing the path length histogram of each input port. The characteristics of the -switching matrix for the two sets of input are symmetric; therefore, an analysis of one set of input is sufficient. Table I shows the number of pitches traveled by half the inputs to outputs of the -switching matrix. All possible path lengths of each input port are more confined; therefore, uniformity in loss of individual inputs can be improved greatly by designing beam waists to be located at their average numbers pitches. It should be noted that the occurrence of all path lengths for each input port is two.
IV. MATHEMATICAL MODEL
The input set is divided into two equal sets and . Similarly, the output set is divided into two equal sets and . The output set of quadrant is defined as , that of quadrant is defined as . Each of the input and output sets contains elements. Fig. 9 shows the input and output set definition of -switching matrix, and the notation of the input and output sets. The coordinate systems of junction and quadrants are shown in Fig. 10 . Since -switching matrix is a 2-D MEMS switch, the mirrors have only two states, "ON" or "OFF." Equation (1) states that function which represents light beam " " of input set has a state of "1" if it is intended for output element " " of output set , otherwise it has a state of "0." Equation (2) represents the states of the mirrors in the junction quadrant. The states of a mirror are not only dependent on the input or output relationships but also on the states of the mirrors in path traveled by the light beam. Equations (3) and (4) describe the states of mirrors in the and quadrant. Only the first term of (3) and (4) determine the states of the mirrors when switching from set to the quadrant or set to the quadrant. The second term of the equations describes the states of the mirrors when light is switched from the set to the quadrant or set to the quadrant. In (3) and (4), a state of "1" represents an "ON" state and "0" signifies an "OFF" state. The spacing or pitch between mirrors is designed to be 1500 m. The mirror is rotated about the torsion bars by electrostatic actuation [5] . The electrostatic torque by electrostatic attraction is as expressed as (5) where F/m is the is the dielectric constant of vacuum; width of the mirror; length of mirror; distance of mirror to grounded bulk Si; angle of rotation; applied voltage. The electrostatic torque is opposed by the mechanical torque of the torsion bars. The mechanical torque serves to restore the mirror back to its original position. The mechanical torque is expressed as [14] (6) where is the elastic constant of silicon nitride, 140 Gpa; length of torsion bar; thickness of torsion bar; width of torsion bar; angle of rotation;
The voltage to rotation angle has the mirror can be determined using (7). Fig. 12 illustrates the switching actions of a mirror. The mirror is at its initial position "1" when no voltage is applied to the mirror. In this position, light beam is allowed to pass through uninterrupted. Electrostatic fields are created between the mirror and the grounded bulk Si when the mirrors are held at higher voltage potentials. The mechanical torque of the torsion bars opposes the torque generated by the electrostatic fields on the mirror. A voltage higher than the yielding voltage is supplied to the mirror so that the resisting mechanical torque is completely overcame by the electrostatic torque. At this point, the mirror spontaneously rotates to position "2." The stopping angle of the mirrors has to be maintained at 90 for optimum coupling of light into output optical fibers, therefore, alignment of the mirrors to their respective stoppers are critical. SiO is deposited on bulk Si to act as DRIE etch mask for patterning the mirror stoppers and alignment grooves, and also serves as electrical insulation layer. The alignment grooves help the manual alignment of the mirrors to the stoppers under a microscope. Fig. 13 shows the scanning electron microscope (SEM) picture of an array of mirror stoppers, and alignment grooves. Fig. 14 shows an SEM close-up of a stopper with a 45 angled etch.
The -switching matrix can be implemented by many other actuation mechanisms [6] , [7] , electrostatic actuation has been chosen because of the simplicity in its implementation. The rotating action of the mirror can also be achieved by other published methods such as a combination of hinge joints and pushrods [8] , or combdrive lateral movement [9] . Submillisecond switching rates by MEMS switches has been achieved [10] .
A 4 4 -switching matrix was fabricated using an SOI wafer. An SEM picture of a double-sided mirror and the top view of the -switching matrix are shown in Figs. 15 and 16 . The top view and cross section of the fabrication sequence of a double-sided mirror is shown in Fig. 17 . The process starts with the following. around the photoresist. The Si island will act as a protection layer when etching buried oxide and Si device layer in later steps. e) After stripping the photoresist, continue etching backside of SOI by DRIE until the buried oxide layer is exposed. 
VI. EXPERIMENTS AND ANALYSIS
A green HeNe laser with a wavelength of 543.5 nm is used as the light source. Laser with wavelength in the visible spectrum is used, instead of conventional telecommunication wavelengths in the range of 1200-1700 nm, to simplify manual fiber alignments. Furthermore, Al maintains good reflectivity into the UV range. The light beam is coupled into a single mode fiber with terminal GRIN len to collimate the output light beam. Experiments show that the loss due mirror reflectivity of topside Al is 1.28 dB. Au could have a reflectivity of 95%, therefore, the use of Au will improve the reflectivity of the mirror. The optical loss of the backside mirror is slightly greater. The measured reflectivity difference between the two surfaces is less than 3%. DRIE has negligible contribution to the front and bottom sides of the mirror surface roughness because they are either protected by photoresist or a patterned Si island during etching. Deposition of metal thin film on two sides of the wafers proves to improve the flatness of the mirror by evening the metal stress distribution on the overall mirror structure. In order to minimize material fatigue of the metal layers during long-term operation of the switch, thickness of Al has been decreased from initial 0.2 to 0.05 m without severely affecting its reflectivity. At the same time, the reduced thickness also has the effect of reducing polarization dependent loss (PDL).
By employing fiber collimator, losses ranging from 4.5 to 5.2 dB for the longest and short paths have been measured. In the experiments, material reflectivity, beam waist size and position were not optimized to achieve the least insertion loss of the -switching matrix. The purpose is to demonstrate the working principle and fabrication process of this novel architecture. Optical simulations have been performed to compare the performance of the -switching matrix with that of the conventional crossbar switch. Fig. 18 shows the theoretical simulation of loss versus beam waist size (by taking into account the) entire path length distribution of a 4 4 -switching matrix and conventional crossbar switch. When beam waist size is optimized, -switching matrix has superior optical performance over conventional crossbar switch. (The size and location of the beam waist of) each input port can be individually customized such that its insertion loss is minimized. The characteristics of the two input port sets ( and ) of the -switching matrix are identical; therefore, analysis of any one input set is sufficient. Fig. 19 and Fig. 20 show the loss versus beam waist size for each input port of the two 4 4 switching architectures.
The coupling efficiency is obtained by computing the overlap integral of the amplitude distribution of the divergent Gaussian beam wave function and the nodal wave function describing the receiving optics [11] . Assuming the optics are properly aligned, is expressed as (8) where the integral taken over the aperture of the receiving optics and is the lowest-order mode of a Gaussian beam [12] . Fig. 21 shows the loss versus path length traversed by all input ports of a 4 4 -switching matrix. The number of pitches traversed by a 4 4 -switching matrix ranges from 3 to 5, instead of 1 to 7 for a conventional crossbar matrix. It should be noted that the plotted experimental values do not include the 1.28-dB loss due to imperfect reflectivity. The discrepancies between theoretical and experimental results can be attributed to optical misalignment of the receiver optics since the theoretical results assume perfect optical alignment.
Although the -switching matrix can decrease the absolute and relative paths among port-to-port switching. The penalty for this architecture is the increase in axial misalignment. When the fiber collimators from input insets, and , are aligned with the center of mass of the mirror, the reflected light off mirror 1 will experience a shift in space from the pass-thru light beam of due to the finite thickness of the double-sided mirror. The spatial shift is illustrated in Fig. 22 . The spatial shift is, however, constant and is dependent on the thickness of the mirror. To minimize the axial alignment, the thickness of the mirror has to be decreased without severely affecting the flatness of the mirror. The contribution of axial misalignment can be determined by performing shifting of the amplitude distribution of the divergent Gaussian beam wave function, , in the transverse direction. With m, the contribution of axial misalignment calculated to be 0.7 dB. 0.2 dB of axial misalignment loss is achievable when m.
VII. CONCLUSION
The path dependent loss of the current 2-D MEMS switches has been addressed. A novel 2-D MEMS optical switch architecture, -switching matrix, has been proposed, fabricated, and demonstrated. A mathematical model that fully characterizes the new nonblocking architecture for arbitrary switch has been derived. In order to realize the double-sided mirror of the -switching matrix, a fabrication process based on SOI wafers has been presented. It is believed that -switching matrix gives superior optical performance over the conventional crossbar architecture in use today.
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